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(57) Abstract: The invention provides composite nanofiltration 
membranes (Fig. 5) with lyotropic liquid crystal (LLC) poly- 
mer porous membranes (30) attached to a porous support (20). 
The LLC membranes are prepared from LLC monomers which 
form the inverted hexagonal or bicontinuous cubic phase. The 
arrangement, size, and chemical properties of the pores can be 
tailored on the molecular level. The composite membrane of the 
invention is useful for separation processes involving aqueous 
and nonaqueous solutions as well as gases. Methods for making 
and using the composite nanofiltration membranes of the inven- 
tions are also provided. 
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LYOTROPIC LIQUID CRYSTAL NANOFILTRATION MEMBRANES 



BACKGROUND OF THE INVENTION 



This invention is in the field of composite nanofiltration membranes, in particular 
composite nanofiltration membranes employing at least one lyotropic liquid crystal polymer 
porous membrane on a porous support. 

Polymer membranes based on lyotropic liquid crystal (LLC) mesogens are of interest 
because of the ability of LLC mesogens to self-assemble into ordered, nanoporous aggregate 
structures in the presence of a solvent such as water. The aggregates can be relatively highly 
ordered yet fluid condensed assemblies with specific nanometer-scale geometries, known 
collectively as LLC phases (Gin et al., "Polymerized Lyotropic Liquid Crystal Assemblies 
for Materials Applications 2001, Acc. Chem. Rec. 24, 973-980). LLC mesogens are 
amphiphilic molecules containing one or more hydrophobic organic tails and a hydrophilic 
headgroup. Surfactants can be classified as amphiphiles (D. Considine, ed. 5 Van Nostrand's 
Scientific Encyclopedia, Seventh Edition, 1989, Van Nostrand Reinhold, New York, p. 861). 

Polymer membranes based on LLC mesogens have been reported. Beginn et al. 
reported membranes containing ion-selective matrix-fixed supramolecular channels (Beginn, 
U.; Zipp, G.; Moller, M. "Functional Membranes Containing Ion-Selective Matrix Fixed 
Supramolecular Channels," Adv. Mater. 2000, 12, 510). Solutions of 2-hydroxymethyl- 
[ 1 ,4,7, 1 0, 1 3 -pentaoxacyclopentadecane]-3,4,5-tris [4-(l 1 -methacryloylundecyl- 1 - 
oxy)benzyloxy]benzoate, a tris-methacrylated crown ether amphiphile, in a mixture of 
monomers, cross-linkers, and a photo-initiator were reportedly cast to thin films on a 
supporting porous filter (Pall Filtron NOVA membrane with maximum pore size of 10 
microns). The mixture was subsequently cooled to -50 °C on a temperature-controlled 
aluminum block and then polymerized. The cross-section of the supported membrane 
reportedly showed that the support was completely filled with the cross-linked methacrylate. 
The supramolecular channels were reportedly formed by self-assembly of the tris- 
methacrylated crown ether amphiphile into long cylindrical aggregates with the crown ether 
moieties stacked parallel to the column axis and the polymerizable groups forming the shell 
of the cylinder. 
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Beginn et al. also reported membranes containing oriented supramolecular transport 
channels (Beginn, U.; Zipp, G.; Mourran, A., Walther, P., and Moller, M. "Membranes 
Containing Oriented Supramolecular Transport Channels," Adv. Mater. 2000, 72, 513-516.). 
The membranes were synthesized by filling the 400 nm wide pores of a track-etched 
polyester membrane with a hot isotropic methacrylate solution of 2-hydroxymethyl- 
[1 ,4,7, 1 0, 1 3-pentaoxacyclopentadecane]-3,4,5-tris[4-(l 1 -methacryloylundecyl- 1 - 
oxy)benzyloxy]benzoate, a tris-methacrylated crown ether amphiphile (60 wt.-%). The filled 
polyester membrane was cooled below the isotropization temperature of the lyotropic 
solution and the solution polymerized. 

WO 98/30318 to Gin et al. states that polymer membranes can be formed from 
amphiphilic LLC monomers that will self-organize into stable, inverse hexagonal phases in 
the presence of pure water or other hydrophilic solutions. It was further stated that in situ 
photopolymerization of the hydrophobic tails into a heavily cross-linked network with 
retention of the template microstructure yields a robust polymer network with highly uniform 
pores arranged in a regular hexagonal array. Formation of a polymer film between two glass 
slides by photopolymerization of a LLC monomer mixture was reported. It was further 
reported that the film could be peeled off the glass slides in one piece. 

United States Patent 5,238,613 to Anderson reports polymeric membrane materials 
having a pore size between two nanometers and sixty microns. The porosity of the 
membrane materials is reported to be greater than fifty percent. U.S. 5,238,613 states that 
binary water/polymerizable surfactant bicontinuous cubic LLC phases could provide a route 
for membrane formation. 

A need continues to exist for polymer membrane manufacturing technologies which 
allows control of critical structural features such as pore size, pore architecture, and pore 
density in the nanometer size regime. A need also exists for polymer membranes for which 
these critical structural features can be controlled on this extremely important size scale. 
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SUMMARY OF THE INVENTION 
In an embodiment, the invention provides a composite nanofiltration membrane 
comprising: a porous support; and a LLC polymer porous membrane attached to the support. 
In an embodiment, the porous support is ultraporous. In an embodiment, the pore size of the 
LLC polymer membrane is monodisperse and between about 0.5 and about 5.0 nanometers. 
The LLC polymer porous membrane typically forms a coating on the porous support. 

The composite membrane of the invention is useful for separation processes involving 
aqueous and nonaqueous solutions as well as gases. The composite membrane can also be 
made in flexible form, which allows it to be used in a variety of membrane configurations 
(e.g. spiral-wound). 

The present invention creates nanostructured porous polymer membranes in which the 
arrangement, size, and chemical properties of the pores may be tailored on the molecular 
level by using polymerizable lyotropic (i.e., amphiphilic) liquid crystals (LCs) as building 
blocks. These materials can act as novel nanoporous membranes capable of selectively 
removing nanometer-size impurities, organic molecules, certain ions, and other contaminants 
from solutions based solely on molecular size. In addition, the incorporation of chemical 
complexing agents in the nanopores of these materials can enable other forms of separation 
processes. 

The invention also provides a method for making nanofiltration membranes which 
can be simpler than that for making currently available nanofiltration membranes. In an 
embodiment, the invention provides a method for making a composite nanofiltration 
membrane comprising the steps of: providing a porous support, preparing a solution 
comprising a LLC monomer, an organic solvent for the monomer, and water, wherein the 
organic solvent is selected to be compatible with the support; applying a layer of the solution 
onto the porous support; evaporating the solvent from the solution; and cross-linking the LLC 
monomer. In an embodiment, the layer of solution is applied to the porous support by roller 
casting. 
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BRIEF DESCRIPTION OF THE FIGURES 
Figure 1 illustrates cross-linking of an inverted hexagonal (H n ) LLC phase to form a 
polymer network containing hexagonally packed water-filled nanopores. 

Figure 2 illustrates a bicontinuous cubic (Q) LLC phase. 

Figure 3 shows several Hn forming monomers. 

Figure 4 illustrates a monomer capable of forming L, Hi and Qn phases. 
Figure 5 schematically illustrates the roller casting process. 

Figure 6 A illustrates the percent dye rejected during flow of a dye solution through a 
membrane of the invention for various cationic dyes. 

Figure 6B illustrates the percent dye rejected during flow of a dye solution through a 
membrane of the invention for various anionic dyes. 



DETAILED DESCRIPTION OF THE INVENTION 
In an embodiment, the invention provides a composite nanofiltration membrane 
comprising: a porous support; and a LLC polymer porous membrane attached to the support. 
As used herein, a "membrane" is a barrier separating two fluids that allows transport between 
the fluids. A "fluid" may be a liquid or a gas. A "composite" membrane comprises a 
membrane combined with a porous support. 

As used herein, "nanoporous" signifies a pore size between about 0.5 and about 6 nm 
in diameter and a "nanofiltration membrane" has an effective pore size between about 0.5 and 
about 6 nm. "Ultraporous" signifies a pore size between about 2.5 and about 120 nm and an 
"ultrafiltration membrane" has an effective pore size between about 2.5 and about 120 nm. 
"Microporous" signifies a pore size between about 45 nm and about 2500 nm and a 
"microfiltration membrane" has an effective pore size between about 45 nm and about 2500 
nm. The effective pore size of a membrane is the pore size of the part of the membrane 
which performs most of the separation function. For the composite nanofiltration membranes 
of the invention, the LLC porous membrane is a nanofiltration membrane while the porous 
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support has a larger average pore size. In an embodiment, the LLC porous membrane has a 
pore size between about 0.5 and 5.0 nm. In an embodiment, the porous support is 
ultraporous. 

As used herein, a "LLC polymer 11 is composed of polymerized lyotropic liquid crystal 
monomers in an ordered assembly. As used herein, "LLC monomers" are polymerizable 
amphiphilic molecules that spontaneously self-assemble into fluid, yet highly ordered 
matrices with regular geometries of nanometer scale dimension. LLC mesogens are 
amphiphilic molecules containing one or more hydrophobic organic tails and a hydrophilic 
headgroup. 

LLC monomers useful for the present invention are those that form an LC phase in 
the presence of water that contains ordered, monodisperse, aqueous nanopores, and those that 
can be polymerized into a cross-linked network with substantial retention of the original LC 
phase microstructure. As used herein, "nanometer scale dimension" refers to pore 
dimensions between about 0.5 and about 5 nm. LLC monomers useftd for the present 
invention can form aqueous nanopores having a diameter between about 0.5 and about 5 nm. 
As used herein, a "monodisperse" pore size has a variation in pore size from one pore to 
another of less than ca. 1 5% (specifically an ideally narrow Poisson distribution). For pores 
formed by some LC phases (e.g. bicontinuous cubic phases), the pore size of a given pore 
will vary along the pore channel. For pores whose dimensions vary along the pore channel, a 
comparison of pore sizes is made at equivalent positions along the channel. 

Polymerizable LLCs (i.e., cross-linkable surfactants) have been designed that 
spontaneously form the inverted hexagonal (H n ) LLC phase in the presence of a small 
amount of water. Figure 1 schematically illustrates aqueous nanopores (5) and organic 
domains (7) in the Hn LLC phase. Upon photopolymerization or photo-cross-linking, robust 
polymer networks (17) containing hexagonally packed, extended water channels (15)with 
monodisperse diameters of nanometer-scale dimensions are produced (Figure 1). The 
network has a pore structure of hexagonally ordered, cylindrical nanopores. The pore 
structure is substantially determined or controlled by the inverted hexagonal phase which was 
formed by the monomers. There is typically some contraction of the structure, approximately 
5 vol %, on heavy cross-linking of the polymer into a network. A slight decrease in x-ray 
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diffraction spacings was seen in the Hn phase after polymerization. If formed into a polymer 
film, these networks can be used as membranes. The resulting membranes may contain 



Different porous architectures can be achieved via the use of other LLC monomers 
that form different mesophases. For example, polymerizable LLC phases with bicontinuous 
cubic (Q) architectures have interconnected 3-D nanochannels (Figure 2). In this case, the 
polymerized network has a pore structure of interconnected, ordered 3-D nanopores. The 
pore structure is substantially determined or controlled by the bicontinuous cubic phase 
which was formed by the monomers. 

Several polymerizable LLCs (i.e., cross-linkable surfactants) have been designed that 
spontaneously form the inverted hexagonal (H n ) LC phase in the presence of a small amount 
of water (Gin et al. (2001) Acc, Chem. Res. 34, 973-980; U.S. Patent 5,849,215; WO 
98/303 18 ). Without wishing to be bound by any particular theory, it is believed that 
amphiphiles with a tapered shape (i.e. a small hydrophilic headgroup and a broad flattened 
hydrophobic tail section) should prefer to pack to form the Hn phase. In one embodiment, 
monomer 1 is used as the polymerizable LLC. Monomer 1 forms a cross-linked Hu phase 
with hexagonally ordered, cylindrical water pores that are approximately 1 .2 nm in diameter 
and monodisperse in size. A synthesis method for monomer 1 is disclosed in U.S. Patent 
5,849,21 5 and WO 98/303 18. Other LLC monomers that form the H n phase and /or 
derivatives of monomer are shown in Figure 3 (Gin et al. (2001) Acc. Chem. Res. 34, 973- 
980). It should be noted that these monomers can be made with different tail lengths and 
head groups, which alter the nanopore dimensions. Also, mixtures of the aforementioned 
LLC monomers can also be produced to tailor pore dimensions (Smith, R. C, Ph.D. Thesis 
(1999), University of California, Berkeley). 



Polymerizable LLCs have also been designed that spontaneously form the 
bicontinuous cubic (Q) LC phase. These mesogens include Gemini surfactant monomers. 



polydomains. 
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0(CH2)nOOCCH=CH2 
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Monomer 2 forms a bicontinuous cubic phase (Pindzola, B. A., Ph.D. Thesis (2001), 
University of California, Berkeley). A single tailed version of monomer 2 exhibits similar 
behavior but requires added cross-linker to form a cubic network upon photopolymerization 
(Pindzola, B. A.; Hoag, B. P.; Gin, D. L. J. Am. Chem. Soc. 2001, 123 (19), 4617-4618.) 
(Figure 4). 



x = 8.10,14 
yh y=2,4,6 

^^H/ P \ Br" 



Monomer 2 



The pore size of the nanoporous LLC assemblies can be tuned via modification of the 
parent LC monomer. (Resel, R.; Leising, G.; Markart, P.; Kreichbaum, M.; Smith, R.; Gin, 
D. "Structural Properties of Polymerised Lyotropic Liquid Crystal Phases of 3,4,5-Tris(co- 
acryloxyalkoxy)benzoate Salts," Macromol. Chem. Phys. 2000, 201 (11), 1 128). It is believed 
that the pore size for H n phases can be tuned within the range 0.5-2.0 run. It is believed that 
the pore size for bicontinuous cubic phases can extend up to 5 nm. Pore size and pore 
architecture may also be tuned by changing temperature, pressure, and mixture composition, 
since LLC phase behavior is known to depend on all three parameters. 

The LLC polymer porous membrane is attached to the porous support. In a preferred 
embodiment, the LC membrane is formed in situ as a coating on at least a part of the surface 
of the porous support and the attachment between the membrane and the support is made 
during the membrane fabrication process. The thickness of the membrane can be measured 
as the coating thickness. In situ formation of the LLC membrane is preferred for membranes 
thin enough that the membranes would be expected to tear during transfer of the membrane 
from one membrane to another. It is expected that the membrane thicknesses of interest for 
the present invention would be susceptible to tearing when peeled from a substrate. Without 
wishing to be bound by any particular theory, the attachment between the LLC membrane 
and the support during in situ fabrication may result from mechanical interlocking of the LLC 
membrane and the support due to penetration of the LLC material into the pores of the 
support during fabrication of the LLC membrane. 
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The porous support membrane gives physical strength to the composite structure. The 
porous support is selected to be robust enough to withstand the pressure differential applied 
across it during nitration, typically up to 100 psi (0.6895 MPa). The support should also be 
thermally stable over approximately the same temperature range as the LLC membranes to be 
used. 

The support is also selected so that it is permeable to the liquid or gas to be filtered. 
Preferably, the porous support membrane has a smaller flow resistance than the LLC 
membrane. The surface pore size should be sufficiently small and the support surface 
sufficiently smooth that the LLC polymer can form a continuous coating. The porous support 
in this system is selected so that the diameter of the pores is less than about 10 microns. The 
preferred pore size of the support may depend on the composition of the casting solution. In 
an embodiment, the porous support is an ultraporous membrane. In another embodiment, the 
support has a pore size less than about 0.1 micron. 

The support is selected to be compatible with the solution used for LC membrane 
formation, as well as to be compatible with the liquid or gas to be filtered. When the solution 
used for LC membrane fabrication and the support are compatible, the support is resistant to 
swelling and degradation by the solution used to cast the LC polymer porous membrane. In 
particular, the organic solvent used in the solution and the support are selected to be 
compatible so that the support is substantially resistant to swelling and degradation by the 
organic solvent. Swelling and/or degradation of the support by the solvent can lead to 
changes in the pore structure of the support. If the membrane is to be used for water based 
separations, the porous support is sufficiently hydrophilic for water permeation. 

The porous support may be made of any suitable material known to those skilled in 
the art including polymers, metals, and ceramics. In various embodiments, the porous 
support is apolyacrylonitrile (PAN), polyacrylonitrile-co-polyacrylate, polyacrylonitrile-co- 
methylacrylate, polysulfone (PSf), Nylon 6, 6, poly(vinylidene difiuoride), or polycarbonate 
support. The support may also be an inorganic support such as a nanoporous alumina disc 
(Anopore™ Whatman, Ann Arbor, Michigan). The porous support may also be a composite 
membrane. 
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For the H n films, the flux through the LC polymer membrane is improved when the 
nanopores are open, aligned and continuous throughout the LC polymer film. For 
polydomain, cross-linked H Q films, not all of the nanopores are necessarily open, aligned, and 
continuous throughout the film. The alignment of the nanopores is generally improved by 
decreasing the LC polymer membrane thickness. Additional alignment techniques known to 
those skilled in the art which are compatible with the LC polymer membrane processing 
techniques described herein may also be employed, for example application of external forces 
(for example, shear forces), interactions with surfaces, and applications of large magnetic or 
electric fields. For the H u LC polymer membranes used in the present invention, it is 
preferred that the membrane thickness be less than about 10 microns. In different 
embodiments, the H n LC polymer membrane thickness may be less than about 5 microns, 
less than about 2 microns, less than about 1 micron, or less than about 0.5 microns. In 
different embodiments, the Q LC polymer membrane thickness may be less than about 10 
microns, less than about 5 microns, less than about 2 microns, less than about 1 micron or 
less than about 0.5 microns. 

The flux rate through the composite membrane as a whole depends upon the pressure 
differential applied across the membrane as well as on the permeability of the LLC polymer 
membrane. The composite membranes of the invention are capable of sustaining pressure 
differences of greater than 50 psi (0.3447 MPa) and obtaining aqueous solution flux rates 
greater than about 0.2 kg/m 2 hour. It is believed that unsupported LLC membranes with 
thicknesses less than about 100 microns would be unable to withstand this pressure 
differential. 

Furthermore, the LC polymer membrane can be fabricated with chemical complexing 
agents in the nanopores. These chemical complexing agents may be inorganic or organic 
entities that have the ability to interact reversibly or irreversibly with various solutes that 
enter the membrane. These chemical complexing agents may include, but are not limited to, 
metal ions such as Cu + , Cu 2+ , Ag + , Co 2+ , Sc 3+ , and amine functionalities. 

A variety of methods can be used to prepare the composite nanofiltration membrane 
comprising a porous LC polymer membrane on a porous support. One method for making 
the composite nanofiltration membranes of the invention comprises the steps of: providing a 
porous support; preparing a solution comprising a LLC monomer, an organic solvent for the 
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monomer, and water; applying a layer of the solution onto a porous support; evaporating the 
solvent from the solution; and cross-linking the LLC monomer. If desired, more than one 
layer of solution may be applied to the support to form multiple layers of porous LC polymer 
and thereby control the film thickness. 

The solution used for applying the lyotropic LLC monomer, also known as the 
"casting solution", comprises a lyotropic LLC monomer, an organic solvent, water, a 
polymerization initiator that can be photolytically or thermally activated, and an optional 
cross-linking agent. The solvent may be any low boiling point solvent that dissolves the 
monomer. A mixture of one or more solvents may also be used. Useful solvents include, but 
are not limited to, methanol and diethyl ether. The cross-linking agent is not required if the 
monomer can cross-link without a cross-linking agent. In one embodiment, the monomer is 
dissolved in the organic solvent, and then the water and the optional cross-linking agent are 
added. For monomer 1, casting solutions include, but are not limited to, solutions of 
approximately 5-1 1% monomer, 2-3% water, 0.5-1% 2-hydroxy-2-methylpropiophenone, 
balance methanol. 

Application of the solution to the support can be achieved by any solution based 
process known to the art, including painting, rolling, spraying, and inkjet printing of the 
solution onto the support. The solution is applied to form a coating on at least a portion of 
the surface of the support. It is preferred that that coating be free of surface defects such as 
pinholes and scratches. In one embodiment, a commercial foam painting sponge or other 
such applicator can be used to apply the solution to the support. In another embodiment, the 
solution can be applied by roller casting. The amount of material on the support can be 
controlled by the number of applications and the concentration of the casting solution. For a 
given casting solution, a single application can produce a lyotropic liquid crystal film with 
better pore alignment than multiple applications. It is believed that some of the solution 
penetrates into the support, with the extent of penetration depending on the nature of the 
solution, the support, and the application process. The penetration of the solution into the 
support is believed to help attach the cross-linked LLC polymer film to the support. 



The solvent may be evaporated from the film by allowing the solvent to evaporate at 
ambient temperature. Other temperatures and controlled atmospheres as known by those 
skilled in the art can be used to evaporate the solvent from the film. 
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The LLC phase can be photo-cross-linked by putting it under UV light in air or 
nitrogen at ambient temperature. Other temperatures as known by those skilled in the art may 
be used during the cross-linking process. Other methods of cross- li n k ing as known to those 
skilled in the art may also be used. For example, thermal cross-linking may be performed 
using a cationic initiator as a cross-l i n k i n g agent. 

In an embodiment, the invention provides a process for separating a component of a 
first fluid mixture, the process comprising the steps of: 

bringing said first fluid mixture into contact with the inlet side of a separation 
membrane, said separation membrane comprising a LLC polymer porous membrane 
attached to a ultraporous support membrane, 

applying a pressure difference across said separation membrane; and 
withdrawing from the outlet side of said separation membrane a second fluid mixture 
wherein the proportion of said component is depleted, compared with said first fluid 
mixture. 

' Components which can be separated from a fluid mixture using the membranes of the 
invention include organic molecules, ions, gases, impurities and other contaminants. 

The invention provides methods of size-selective filtration of solutions using the 
composite membrane of the invention. One or more components such as nanometer-size 
impurities, organic molecules, certain ions, and other contaminants can be removed from 
solution by selecting the pore diameter of the LLC membrane to be smaller than the 
molecular size of the component(s) of interest. 

Furthermore, the invention provides methods for other forms of separation processes. 
If a chemical complexing agent is incorporated into the nanopores of the composite 
membrane of the invention, the chemical complexing agent can interact reversibly or 
irreversibly with various solutes that enter the membrane. For bxample, if metal ions such as 
Cu + , Cu 2+ , and Ag + are incorporated into the nanopores, enhanced oxygen separation or 
separation of olefins from paraffins can be enabled. Amine functionalities would enable 
enhanced C0 2 separation from other gases. Similarly, the incorporation of water-stable 
catalytic entities in the nanopores of these materials may also offer the option of catalytically 
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degrading organic waterborne contaminants into more biodegradable forms during the 
nanofiltration process. The incorporation of chemical complexing agents into LLCs is known 
to the art (Gu, W.; Zhou, W.-J.; Gin, D. L. " A Nanostructured, Scandium-Containing 
Polymer for Heterogeneous Lewis Acid Catalysis in Water," C7ze/w. Mater, 2001, 13 (6), 
1949-1951.; Gray, D. H.; Gin, D. L. !l Polymerizable Lyotropic Liquid Crystals Containing 
Transition-Metal Ions as Building Blocks for Nanostructured Polymers and Composites," 
Chem. Mater. 1998, 10 (7), 1827-1832.; Deng, H.; Gin, D. L.; Smith, R. C. "Polymerizable 
Lyotropic Liquid Crystals Containing Transition-Metal and Lanthanide Ions: Architectural 
Control and Introduction of New Properties into Nanostructured Polymers," J. Am. Chem. 
Soc. 1998, 120 (14), 3522-3523). 

EXAMPLES 

Example 1 : Fabrication of a Composite Nanofiltration Membrane by Painting 

Monomer 1 was dissolved in methanol then water and a commercial radical photo- 
initiator was added to form a dilute casting solution. The concentration of components in the 
solution is listed in Table 1 . 2-hydroxy-2-methylpropiophenone is a photo-initiator. A 
commercial foam painting sponge was used to evenly apply the solution on a 
poly(acrylonitrile-co-methylacrylate), 6% methyl acrylate, PAN support. The support was 
manufactured by Membrane Technology and Research (Menlo Park, California). The pore 
size of this support is less than about 0.1 micron. At the support surface the pore sizes 
typically ranges between about 10 and about 50 nm. 

After allowing the methanol to evaporate at ambient temperature, the LC monomer 
coating was photo-cross-linked by putting it under UV light (365 nm, ca. 1200 jaW/cm 2 ) in 
air for 2 h at ambient temperature. 



Table 1 

Component of solution (wt %) 

Monomer 1: 9.53% 
Methanol: 87.13% 
Water: 2.63% 

2-hydroxy-2-methylpropiophenone: 0.71% 



Source 

Synthesized 
Aldrich 

Aldrich 



Grade/purity 

pure by NMR 
HPLC grade 
de-ionized 
97% 



The amount of material on the support was controlled by the number of applications 
and the concentration of the casting solution. It was found that the thinner the nanoporous 
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LC top layer, the better the observed flux through the composite membrane. The flexible 
supported membrane was then cut to size for testing in commercial filtration cells. 

X-ray diffraction (XRD) analysis of the coated film samples showed that the 
characteristic low-angle XRD peaks for the Hn phase were seen on top of the peaks from the 
semi-ordered PAN support material. The coated membrane was folded five times and placed 
in the XRD beam in order to get sufficient diffraction intensity. TEM imaging and XRD 
structural analysis estimates the nanopore size as approximately 1.2 nm. 

Fvample 2: Fabrication of a Composite Nanofiltration Mem brane bv Roller-Casting 

A dilute casting solution was formed as in Example 1. The support was commercial 
ultraporous polysulfone (PSf) (Hydranautics, P-100, Oceanside, California). The pore size of 
this support was less than about 0.1 micron. 

The roller casting process is schematically shown in Figure 5. The support (20) was 
placed on a flat substrate (not shown). As shown in the upper part of Figure 5, the solution 
(30) was placed at one edge of the support. A syringe can be used to control placement of the 
solution. As shown in the lower part of Figure 5, an applicator rod (40) was then rolled over 
the support to distribute the solution. Roller guides were placed at the edges of the support to 
control the height of the roller above the support. The guides may be made of adhesive tape 
or of any suitable material known to the art. The roller may be a wire-wound stainless rod, a 
glass rod, or similar roller type applicator. 

After allowing the methanol to evaporate at ambient temperature, the LC monomer 
coating was photo-cross-linked by putting it under UV light (365 nm, ca. 1200 jaW/cm 2 ) in a 
nitrogen flushed acrylic glove box anywhere from 2 hours to overnight at ambient 
temperature. In particular, to minimize 0 2 inhibition of the radical photopolymerization 
process especially for sub-micron coatings, the LLC coated membranes are placed in a sealed 
large area photopolymerization cell, evacuated with dynamic vacuum to remove ambient and 
dissolved 0 2 , and then flushed with N 2 during photolysis. This procedure allows degrees of 
polymerization of greater than 80% to be achieved reproducibly with submicron coated films. 
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Using this procedure, uniform thin (approximately 0.3 micron) coatings were obtained 
over a 6 by 9 cm area. 

Fvainplp.^: Size Selective Filtration Using a Co m posite Na nofiltration Membrane 

The composite membrane comprising a layer of LLC polymer (thickness less than 1 
micron, approximately 0.3 micron) on an ultraporous PAN support described in Example 1 
was cut to size and placed in a commercial 25 mm diameter dead-end filtration cell 
(Advantec UHP25). Upon application of an applied pressure of ca. 60 psi (0.4137 MPa) of 
nitrogen gas, water solution fluxes on the order of 0.263-0.789 kg/m 2 hour were achieved 
through the membrane. For 3-layer approximately 1 micron films, the water solution fluxes 
were approximately half that of the one layer films. 

Using this configuration, highly selective molecular size filtration of water-soluble 
molecules in water has been demonstrated. When a water solution of a blue dye (Alcian Blue 
pyridine variant) with a molecular diameter (2.0 nm) slightly larger than the nanopores was 
passed through the membrane, the blue dye was completely filtered out. No trace of the blue 
dye was present in the filtrate solution, as confirmed by UV-visible spectroscopy. When a 
water solution of a red dye (phenol sulfone phthalein) with a diameter (0.96 nm) much 
smaller than the nanopores was passed through the membrane, the red dye was able to pass 
through. Finally, when a 1/1 water mixture of the large blue dye and the small red dye (green 
color solution) was forced through the LC-coated membrane, a red solution was produced via 
filtration, indicating molecular size selectivity. Spectroscopic analysis of the filtered solution 
only showed the presence of the red dye, indicating complete rejection of the large blue dye 

Additional nanofiltration experiments with canonic, rigid dyes of different molecular 
sizes, such as Methylene Blue, Brilliant Green, and Ethidium Red, have subsequently 
revealed that the effective diameter of the nanopores is ca. 1 .2-1 .4 nm. Figures 6 A and 6B 
show plots of single dye rejection as a function of dye size and charge. The experiments in 
Figures 6A and 6B shows that molecular sieving with these membranes is a general 
phenomenon that works for both cationic and anionic molecules. Furthermore, the uncoated 
support was unable to achieve the selectivity of the composite LLC membrane. 
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Those of ordinary skill in the art will appreciate that materials and methods other than 
those specifically described herein can be employed in the practice of this invention without 
departing from the scope of this invention. 



All references cited herein are hereby incorporated by reference in their entirety to the 
extent that they are not inconsistent with the disclosure herein. 
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CLAIMS 



2. 

3. 

4. 
5. 

6. 
7. 
8. 



We claim: 

A composite membrane comprising: 

a porous support; and a lyotropic liquid crystal (LLC) polymer porous membrane 
attached to the support, the LLC membrane having a thickness less than about 1 
micron and a pore structure having hexagonally ordered, cylindrical nanopores. 

The composite membrane of claim 1, wherein the pore size of the support is less than 
about 0.1 micron. 

The composite membrane of claim 1, wherein the thickness of the LLC membrane is 
less than about 0.5 microns. 

The composite membrane of claim 1, wherein the LLC membrane is a single layer. 

The composite membrane of claim 1, wherein the porous support is selected from the 
group consisting of polyacrylonitrile (PAN), polyacrylonitrile-co-polyacrylate, 
polyacrylonitrile-co-methylacrylate, polysulfone (PSf), Nylon 6, 6, poly(vinylidene 
difluoride), and polycarbonate supports. 

The composite membrane of claim 1 wherein the composite membrane has a flux of 
at least 0.2 kg/(m 2 hr) with a pressure differential of 60 psi (0.4137 MPa). 

The composite membrane of claim 1 wherein the pores of said LLC polymer 
membrane incorporate a chemical complexing agent. 

A composite membrane comprising: 
a porous support; and 

a lyotropic liquid crystal (LLC) polymer porous membrane attached to the support, 
the LLC membrane having a thickness less than about 10 microns and a pore structure 
of interconnected, ordered, 3-D nanopores. 



9. 



The composite membrane of claim 8 wherein the pore size of the support is less than 
about 0.1 micron. 
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10. The membrane of claim 8, wherein the porous support is selected from the group 
consisting of polyacrylonitrile (PAN), polyacrylonitrile-co-polyacrylate, 
polyacrylonitrile-co-methylacrylate, polysulfone (PSf), Nylon 6, 6, poly(vinylidene 
difluoride), and polycarbonate supports. 

1 1 . The membrane of claim 8, wherein the pores of said LLC polymer membrane 
incorporate a chemical complexing agent. 

12. A method for making a composite nanofiltration membrane comprising an ultraporous 
support and a LLC polymer porous membrane attached to the support, the method 
comprising the steps of: 

providing the ultraporous support; 

preparing a solution comprising a LLC monomer, an organic solvent for the 
monomer, a polymerization initiator and water, wherein the organic solvent is 
selected to be compatible with the support; 
applying a layer of the solution onto the support; 
evaporating the solvent from the solution; and 
cross-linking the LLC monomer. 

1 3 . The method of claim 12 wherein the solution is applied to the support by roller 
casting. 

14. The method of claim 12 wherein the pore size of the support is less than about 0.1 
micron. 

1 5 . The method of claim 1 2 wherein the LLC monomer is selected from the group 
consisting of inverted hexagonal (Hn) forming monomers and bicontinuous cubic (Q) 
forming monomers. 



16. 



The method of claim 12 wherein the LLC monomer forms the inverted hexagonal 
phase. 
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17. The method of claim 16 wherein the LLC polymer membrane thickness is less than 
about 1 micron. 

18. The method of claim 1 6 wherein the LLC polymer membrane thickness is less than 
about 0.5 microns. 

19. The method of claim 12 wherein the LLC monomer forms the bicontinuous cubic 
phase. 

20. The method of claim 19 wherein the LLC polymer membrane thickness is less than 
about 10 microns. 

21 . The membrane of claim 12, wherein the porous support is selected from the group 
consisting of polyacrylonitrile (PAN), polyacrylonitrile-co-polyacrylate, 
polyacrylonitrile-co-methylacrylate, polysulfone (PSf), Nylon 6, 6, poly(vinylidene 
difluoride), and polycarbonate supports. 

22. A method for making a composite nanofiltration membrane comprising a porous 
support and a LLC polymer porous membrane attached to the support, the method 
comprising the steps of: 

providing the porous support; 

preparing a solution comprising a LLC monomer, an organic solvent for the 
monomer, a polymerization initiator, and water, wherein the monomer forms the 
inverted hexagonal phase and the organic solvent is selected to be compatible with the 
support; 

applying a layer of the solution onto the support; 
evaporating the solvent from the solution; and 

cross-linking the LLC monomer, whereby the thickness of the LLC polymer porous 
membrane is less than about 1 micron. 

23 . A method for making a composite nanofiltration membrane comprising a support and 
a LLC polymer porous membrane attached to the support , the method comprising the 
steps of: 

providing a porous support; 
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24. 



25. 



preparing a solution comprising a LLC monomer, an organic solvent for the 
monomer, a polymerization initiator, and water, wherein the monomer forms the 
bicontinuous cubic phase and the organic solvent is selected to be compatible with the 
support; 

applying a layer of the solution onto the support; 
evaporating the solvent from the solution; and 

cross-linking the LLC monomer, whereby the thickness of the LLC polymer porous 
membrane is less than about 10 microns. 

A process for separating a component of a first fluid mixture, comprising the steps of: 
bringing said first fluid mixture into contact with the inlet side of a separation 
membrane, said separation membrane comprising a LLC polymer porous membrane 
attached to a ultraporous support membrane, 

applying a pressure difference across said separation membrane; and 
withdrawing from the outlet side of said separation membrane a second fluid mixture, 
wherein the proportion of said component is depleted, compared with said first fluid 
mixture. 

The process of claim 24, wherein the pores of said LLC polymer membrane are 
smaller than the molecular size of said component. 



26. The process of claim 24, wherein the pores of said LLC polymer membrane 
incorporate a chemical complexing agent. 




Hn phase polymer network 
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